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Report Title

ABSTRACT

This research program explored matter wave optics and rotating Bose-Einstein condensates (BECs).  High sensitivity inertial sensors based 

on matter waves may benefit greatly from the coherence properties of condensates.  We explored rotating BECs using Bragg spectroscopy 

and uncovered a new mechanism for measuring rotation.  We realized a conical lens, or “axicon”, for matter waves by tailoring the 

expansion of a BEC using a far-detuned, intense, focused laser beam.  We devised a new scheme for generating flexible, configurable 

optical traps for atoms using a two-axis scanning acousto-optic modulator, and applied this to realize a BEC in a toroidal potential.  Finally, 

we discovered a mechanism for pumping vorticity into a Bose-Einstein condensate using time-varying magnetic fields, and therefore for the 

realization of quantum correlated states of large angular momentum.
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Statement of the problem studied: 
 
This research program explored matter wave optics and rotating Bose-Einstein 

condensates (BECs).  High sensitivity inertial sensors based on matter waves may benefit 
greatly from the coherence properties of condensates.  We explored rotating BECs using 
Bragg spectroscopy and uncovered a new mechanism for measuring rotation.  We 
realized a conical lens, or “axicon”, for matter waves by tailoring the expansion of a BEC 
using a far-detuned, intense, focused laser beam.  We devised a new scheme for 
generating flexible, configurable optical traps for atoms using a two-axis scanning 
acousto-optic modulator, and applied this to realize a BEC in a toroidal potential.  
Finally, we discovered a mechanism for pumping vorticity into a Bose-Einstein 
condensate using time-varying magnetic fields, and therefore for the realization of 
quantum correlated states of large angular momentum.   
 
Summary of the most important results: 
 
 Time Averaged Potentials.  We have devised a new scheme for generating flexible, 

configurable optical traps for atoms using a two-axis scanning acousto-optic 
modulator.  By rapidly scanning a focused, far off-resonance infrared laser beam 
atoms can be trapped in a potential which can be arbitrarily configured using 
computer control.  Our preliminary results demonstrated lifetimes of up to 10 seconds 
in this trap.  In order to exert fine control over the potential minimum, we adjusted the 
laser beam intensity at every scan point.  Using this technique we realized a BEC in a 
toroidal potential.  These results were presented at the DAMOP meeting in 2006.   
 

 Vortex Pump.  We have discovered a mechanism for pumping vorticity into a Bose-
Einstein condensate using time-varying magnetic fields, and therefore for the 
realization of quantum correlated states of large angular momentum.  A fundamental 
connection exists between the geometrical structure of a magnetic field distribution 
and the quantized circulation of magnetically trapped atoms.  We have devised 
optimal procedures for continuously increasing or decreasing a condensate's vorticity 
(up to 30 hbar of circulation) by repeating two-step B-field manipulation protocols.  
The attached figure [taken from Z. F. Xu, P. Zhang, C. Raman and L. You, Phys. 
Rev. A 78, 043606 (2008)] shows the resulting phase distribution as computed using 
mean-field numerical simulations.  
 

 Axicon lens for coherent matter waves.  Matter wave optics is a growing field, with 
applications to sub-micrometer scale particle deposition and lithography.  One needs 
refractive elements to efficiently couple atoms and molecules into guiding structures, 
particularly to build compact matter wave inertial sensors on an atom chip.  In our 
laboratory, we have realized a conical lens, or “axicon”, for matter waves.  We 
tailored the expansion of a Bose-Einstein condensate using a far-detuned, intense, 
focused laser beam.  The result was a dramatic, ring-shaped output similar to a 
conical beam of laser light.  However, unlike photonic optics, propagation of matter 
waves is profoundly affected by the interactions between atoms.  Our work opened up 
the possibility for cylindrical atom optics without the perturbing effect of mean-field 



interactions [See attached figure from S. R. Muniz, S. D. Jenkins, T. A. B. Kennedy, 
D. S. Naik, and C. Raman:  Axicon Lens for Coherent Matter Waves, Optics Express, 
Vol. 14, Issue 20, pp. 8947-8957 (2006).].   
 

 Vortex dynamics.  We have examined rapidly rotating BECs, where lattices of 
quantized vortices can be observed.  We have measured both the rotation rate and, 
importantly, the sense of rotation (i.e. counter-clockwise or clockwise) by applying a 
phase sensitive technique, Bragg scattering of laser light.  Our technique, which is 
complementary to conventional imaging methods, has direct application to mapping 
the velocity distribution of turbulent superfluids.  This work appeared as a Rapid 
Communication in Physical Review A [Phys. Rev. A 73, 041605(R) (2006)]. 
 
 
 
 

 

 

 
 
 

 

Snapshots of a rotating Bose-Einstein 
condensate.  Quantized vortices appear as black 
holes when a BEC is set into rapid rotation (left).  
Our Bragg imaging method (right) allowed us to 
measure the rate and sense of that rotation 
through the location and tilt angle of the 
scattered atoms in the red boxes.  

Axicon lens for matter waves.  BEC interacts 
with a conical lens, causing it to expand into an 
extremely thin ring shape (left).  The expansion 
of a BEC without application of the lens is 
shown on the right. 

Pumping vorticity into a BEC.   (Above) The 
temporal development of the condensate phase in 
a hexapole magnetic field at times of 30, 70, 110, 
150 and 190 ms.  (Below) The continuously 
increasing vorticity of a condensate for 
combinations of 2D and 3D quadrupole magnetic 
fields.  The time T2 = 60 ms.   
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